Abstract: W-Cu composite and Fe-based powder alloy were brazed with filler metals of Ag-Cu and Cu-Mn-Co alloys in a vacuum furnace. Both of filler metals can join W-Cu composite with Fe-based powder alloy directly in the experiment process. Microstructure, distribution of elements and fracture morphology were observed and analyzed using scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS) methods, and phase composition of bonding area was analyzed by X-ray diffraction (XRD). The obtained results indicated that the smooth faying surface and dense microstructure of brazed joint were formed and the primary microstructure of brazing seam were, respectively, Ag(Cu) solid solution and Cu(Mn) solid solution, which ensured forming the stable connection of brazed joint. The bending strength of Ag-based and Cu-based brazed joint can, respectively, reach to 317 and 704 MPa, where fracture showed a typical ductile fracture characteristic. The fracture of Cu-based brazed joint located at brazing seam area, and the fracture of Ag-based brazed joint occurred in Fe-based powder alloy side.
Introduction
W-Cu composite is composed of tungsten with high melting point and high hardness and copper with high thermal and electrical conductivity. The body-centered cubic of W and face-centered cubic of Cu, which neither mutually generate solid solution nor intermetallic compounds, existed in the form of two-phase pseudo-alloy with a mixed phase, so W-Cu composite is usually called "pseudo-alloy" [1] [2] [3] . W-Cu composite material presents the physical characteristics of W and Cu, which not only show high conductivity thermally and electrically and low coefficient of thermal expansion, but also exhibit the features of favorable high-temperature strength, thermal shock resistance, erosion resistance and dimensional stability [4, 5] . W-Cu composite is a promising material in high temperature and thermal stability condition, usually being used in manufacturing high-temperature components, heat sink materials and electrical contact materials, so it has been widely used in aerospace, electronics, machinery, power and defense [6] .
The shape and size of products were restricted by a particular preparation technology of W-Cu composite. Therefore, connection technology of W-Cu composite can be researched to produce more complicated component. In the current era of technology innovation and development, research on the connection technology of W-Cu composite is widely attended in the domestic and overseas; at present, the main methods of connection were brazing [7] [8] [9] [10] , friction stir welding [11] and diffusion welding [12] . Brazing with the advantages of simple technology, aesthetic brazed joint and favorable performance, which was widely used in the area of manufacturing complicated components in the actual production process; therefore, it is necessary to develop the research on the brazed technology of W-Cu composite.
Composite component constituted of W-Cu composite and Fe-based powder alloy, not only made up the flaws of Fe-based powder alloy, but improved overall performance of the composite. In this study, W-Cu composite and Fe-based powder alloy were brazed in vacuum furnace with filler metals of Ag-Cu and Cu-Mn-Co alloys. The reasonable process parameters of vacuum brazing were performed. Then microstructure, elements distribution, bending strength, fracture morphology and interface behavior of the brazed joint were studied by a series of standard methods. Furthermore, the results provided necessary theoretical foundation for preparation and application of composite component of W-Cu composite, which offered important theoretical and practical significance for application and extension of composite component of W-Cu composite and Fe-based powder alloy.
Materials and methods of experiment
Materials used in the study were W-Cu composite (W55-Cu45, wt.%) and Fe-based powder alloy, which were machined to form rectangular specimens 20 mm × 20 mm × 5 mm in size. Ag-Cu alloy and Cu-Mn-Co alloy were adopted as brazing filler metal, which were prepared with dimensions of 20 mm × 5 mm. Chemical compositions of Fe-based powder alloy and the filler metal of Ag based and Cu based were shown in Table 1 .
Before being brazed, the oxide and grease on the surface of W-Cu composite and Fe-based powder alloy should be strictly cleared using different sized metallographic sandpapers; the surface to be brazed should be smooth with certain roughness. Pretreatment of samples were included in the acetone for 10 min using ultrasonic cleaning. Experiment prepared was put into the special fixture with sequence of W-Cu composite, brazing foil and Fe-based powder alloy, meanwhile, loading the rated pressure (P) to ensure the accuracy of the joint and promote the wettability of filler metals. Processes parameters of brazing were shown in Table 2 .
The brazing processes were carried out in vacuum furnace with vacuum level superior to 4 × 10 −3 Pa. After brazing, bending yield strength of obtained joints was evaluated using the four-point bending test method at room temperature. The bending test samples were machined into cubes with dimensions of 5 mm × 5 mm × 40 mm and tested on the electromechanical universal testing machine (CMT5205) using a special fixture with a crosshead speed of 0.3 mm/min. The metallographic samples with dimensions of 20 mm × 5 mm × 5 mm were cut out via electrodischarge machining, then the prepared samples were ground via a series of different type metallographic sandpapers, polished and finally corroded.
Microstructure and fracture morphology of brazed interface were observed and analyzed using scanning electron microscope (SEM), then element distribution and phase construction on the interface were analyzed, respectively, via energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD).
Results and discussions
Microstructure near the interface of the brazed joint
Microstructure of W-Cu composite and Fe-based powder alloy brazed joint with Ag-based filler metal was shown in Figure 1 . As shown in Figure 1 , the brazing seam region and substrate materials formed a good metallurgical bonding, and no obvious micro-cracks or hole defects were observed and the interface of brazed joint was clear. Microstructure Bal. Microstructure of W-Cu composite and Fe-based powder alloy brazed joint with Cu-based filler metal was shown in Figure 2 . As shown in Figure 2 , the interface was compact and smooth, and the molding of brazed joint was favorable. It indicated that the filler metal and substrate materials formed the good solid solution reaction and metallurgical bonding. W-Cu composite and filler metal produced obvious intermediate layer, which is a junction surface of brazed joint. In region A, there were large amounts of Cu and W elements and a small amount of Mn element. Particles of W element and Cu element of filler metal were meshed via the concave-convex surface of W-Cu composite and filler metal under the high brazing temperature. At the same time, Cu element of W-Cu composite and Mn element of filler metal mutually dissolved and diffused to form the solid solution of Cu(Mn), which promote the plastic strength of the brazed interface and enhance the binding properties of W-Cu composite and filler metal. There were plentiful Cu and Mn elements that produced solid solution of Cu(Mn), and it dissolved the element with trace amounts of Fe and W in region B, as the substrate in the brazing seam was bonded to both sides of the base materials. The continuous and discontinuous flocculent microstructure dispersed in region C. As it can be seen from region C, the dark-gray phases mainly composed of solid solution of Cu(Mn, Fe) and Fe(Co) and the light-gray particles contained large amounts of Cu, V, Mo and W elements. It indicated that both Cu-based filler metal and Fe-based powder alloy have shown full diffusion and metallurgical reaction. Under the certain condition of brazing temperature and holding time, both Cu-based filler metal and Fe-based powder alloy have stronger capability of solubility and diffusion than that of Ag-based filler metal, and the sufficient diffusion and metallurgical reaction of Cu-based filler metal and substrate materials which were conducive to ensure the better performance of brazed joint.
Element distribution near the brazing interface
Element distribution plays an important role in determining microstructure feature and performance of the brazed joint. Element distribution across the interface of brazed joint of W-Cu composite and Fe-based powder alloy with Ag-based filler metal was shown in Figure 3 . Elements of W, Mo, V and Co in substrate materials appeared to have no obvious diffusing behavior. There was a peak intensity of Cu element existed at the brazed seam. Meanwhile, Fe element from the Fe-based powder alloy was gathered near the interface of brazed seam, but the diffusion phenomenon of Fe element was not obvious. Ag element from the filler metal was obviously gathered near the interface of W-Cu composite side, with the overstrength intensity at the side of W-Cu composite, whereas the transition phenomenon of Ag element was no obvious near the interface of Fe-based powder alloy. This shows that the more Ag element could be through the holes around W particles, Ag and Cu element of W-Cu composite showed eutectic reaction at the same time. The gap rate of Fe-based powder alloy was extremely low, and the capacity of dissolution and diffusion was limited, which hindered the diffusing behavior of Ag-based filler metal and Fe-based powder alloy. Ag element showed obvious concentration gradient at the brazed interface, and Ag element between the two substrate materials has the favorite wetting action, reducing interfacial free energy of substrate materials side, and improving the metallurgical reaction of brazed materials and formability of interface. Element distribution across the interface of W-Cu composite and Fe-based powder alloy brazed joint with Cu-based filler metal was shown in Figure 4 . As shown in Figure 4 , a small amount of Cu element of W-Cu composite diffused into brazing seam, and W element almost did not show diffusion phenomenon at the brazed interface. It indicated that no metallurgical reaction occurred between W element and filler metal. Cu element of filler metal was evenly distributed over the brazing seam region, which appeared obviously diffusion phenomenon at the interface of Fe-based powder alloy. A large amount of Cu element appeared at the junction surface of substrate materials and filler metal, and it improved the toughness and interfacial strength of brazed joint greatly. Mn elements were evenly distributed over the brazing seam region, where Cu element formed the solid solution of Cu(Mn) during the brazing process. Fe and Co elements showed the fixed reactions of diffusion and dissolution on the brazed layer of Fe-based powder alloy side, and solid solution of Fe(Co) could be formed between Fe and Co elements which improved the interface properties. Content of Co elements showed a peak value in the W-Cu composite side. This phenomenon stated that the diffusion of Cu element made W skeleton to appear on the holes and a small amount of Co element around W particles to appear in liquid phase, which promoted the joint connection between filler metal and W-Cu composite. In short, the elements of filler metal and substrate materials mutually showed diffusion, dissolution and metallurgical reaction, promoting the stable connection of W-Cu composite and Fe-based powder alloy.
Phase analysis of brazed joint
To further clarify the phase constitution near the interface of W-Cu composite and Fe-based powder alloy brazed joint, XRD analysis was carried out in the interface of brazed joint. The obtained results were compared with data from the Joint Committee on Power Diffraction Standards (JCPDS) to determine the existed phase.
As shown in Figure 5 , the main phase constituents of brazed joint of W-Cu composite and Fe-based powder alloy were Cu-rich phase Cu(Ag, Fe), Ag-rich phase Ag (Cu) and a little of Co 0.52 Cu 0.48 . In the brazing seam region, a small amount of Co elements of Fe-based powder alloy formed the CoW phase with traces of W element of W-Cu composite. Meanwhile, metallurgical reaction occurred on the interface between Fe-based powder alloy and Ag-Cu filler metal. It induced that a little IMC phase of δ-Fe(Co, Cu) and Ag 3 Fe 2 was formed, which could improve the toughness and ductility of brazed joint, but its influence was very limited. Metallurgical reaction occurred on the interface of filler metal and substrate materials. The new solid solutions and a small amount of IMC phase were formed, which reduced the interfacial free energy of brazed joint, improving the affinity and wettability between substrate materials and Ag-Cu filler metal; hence, it was of benefit to form the favorable brazed joint.
With regard to joining W-Cu composite and Fe-based powder alloy with Cu-Mn-Co filler metal, not only the filler metal with good wettability and spreadability required for substrate materials, but also the physicochemical reaction was expected to be carried out at the same time. Therefore, the metallurgical reaction and performance feature of brazed joint were further researched, which could ensure the stability performance of joints in the integral structure. XRD analysis results on the interface of Cu-Mn-Co brazed joint were shown in Figure 6 . The solid solutions of Cu(Mn, Fe) and δ-Fe(Co, Mn) were the main components present in the brazing seam of brazed joint. Meanwhile a small amount of CoMo 3 phase and CoFe 3 phase was formed in the brazing seam region near the Fe-based powder alloy side. It benefited to promote the interfacial strength between Cu-based filler metal and Fe-based powder alloy. In the research, it is found that trace amount of elemental W and Cuo.4W0.6 phase were discovered in the interface of brazing seam. As W-Cu composite is composed of two monomers with vastly different properties [13] , the diffusing reaction was carried out between Cu-Mn-Co filler metal and substrate materials during the brazing process. The concavoconvex surface and holes evenly existed on the interface of W-Cu composite, which were stuffed via the new solid solutions, promoting the meshing between filler metal and W-Cu composite, and significantly improving the binding strength and toughness of brazed interface.
Mechanical properties of brazed joint
Four-point bending strength of the brazed joint of W-Cu composite and Fe-based powder alloy with different filler metals was tested at room temperature, and these results were shown in Table 3 . As it can be seen that the bending strength of Ag-based brazed joint was 317 MPa, the bending strength of Cu-based brazed joint reached 704 MPa. The bending strength of Ag-based brazed joint was relatively low, which produced major residual stress in the brazing seam near Fe-based powder alloy side, and the plastic deformation of Ag-based filler metal was limited under the bending process, thus the fracture located in the center of the brazing seam. Cu-Mn-Co brazed joint had the excellent plasticity, a large amount of solid solutions and compounds in the interface between filler metal and substrate materials. Under four-point bending process, increasing the stress of brazed joint, the plastic deformation of joint became bigger and bigger. While it added up to a certain value, the bonding interface of Cu-based filler metal and W-Cu composite was constrained to be separated due to the lack of enough plasticity to relax the interface stress. Compared with Cu-based brazed joint, at the lower brazed temperature, as the reaction rate of dissolution and diffusion between substrate materials and Ag-based filler metal was slower, the plastic deformation of brazed joint was lower. The clearance of brazed joints was fully filled via substrate materials and filler metals. Meanwhile the favorite metallurgical reaction between substrate materials and filler metals occurred. So the compact microstructure was formed and good performance of brazed joints was observed. The fracture morphology of Ag-based brazed joint was shown in Figure 7 . As it can be seen from Figure 7 (a), macrofracture morphology of Ag-based brazed joint showed characteristics of smooth and metallic luster, filler metal and Fe-based powder alloy existed in the fracture interface, this phenomenon stated that facture located at side of Fe-based powder alloy. As it can be seen from Figure 7 (b), uneven fracture appeared characteristic of lots of striped pattern which was similar to river pattern; the obvious phenomena of slip and tear were shown. No brittle compounds or brittle phase observed in the brazed joint. Under the slip and tear process, the interface of matrix and second phase was expended and cracked, meanwhile slipping along the crossed glide plane each other, which produced the phenomenon of meandering river pattern. Under the influence of shear force, the free energy was released under progress of the brazed joint being yielded, both of cracks of plastic deformation and phases of screw dislocation formed the cleavage step; small amounts of tear ridge were formed at the fracture interface, which was typical characteristic of ductile fracture. The fracture morphology of Cu-based brazed joint was shown in Figure 8 . As shown in Figure 8 (a), the fracture interface was paved with filler metal. The brazed layer was rough and gray, without crystal particle and metallic luster being found. The characteristic of intersections of dark-gray and light-gray on fracture surface was similar to the distribution of river pattern. As shown in Figure 8 (b), there were lots of tear ridges and a small number of dimples which existed in the fracture interface. As the load being increased, the micro-size and shallow depth of dimples were assembled together. When exceeding the yield strength, the micropores were produced via the precipitated phase, which is being separated from the filler metal. Meanwhile, large amount of micropores were converged via plastic deformation, which formed the characteristic of massive necking. Under the cracking and diffusion process of brazed joints, as the loading stress being increased, large amount of micropores were converged, which formed the characteristic of massive necking. There were some microcracks at tear ridge side in the crack stress fields. The converged micropores formed the characteristic of necking, which spread to the main crack and connected with it, it can be present at the intersection of cleft that formed the second cracks on the main cracks fracture. The fractures of brazed joint revealed favorable micro-plastic deformation that mutually connected via tear and eventually broken. Accordingly, Cu-based filler metal was torn to form the tear ridges. The fractures of Cu-Mn-Co and Ag-Cu brazed joints appeared as obvious plastic features, which were typical characteristics of the ductile fracture. 
Conclusions

